Abstract-In the light of current environmental concerns, pyrolysis of biomass offers a carbon neutral 9 pathway to cheap renewable fuels known collectively as pyrolysis oil (PO). However, crude PO is not 10 immediately usable in the current energy infrastructure and needs to be deoxygenated via upgrading 
Introduction 29
The quest to develop environmentally carbon-neutral economies has led to research along many It is widely recognized that yield and distribution of hydrocarbon products during biomass pyrolysis and nature of PO and its upgraded matrices, the concentration and distribution of all organic oxygenated to the removal of OH to form water or gaseous carbon oxides. The use of the OH group was deemed 92 to be satisfactory marker since it both forms a substantial fraction of the overall organic content present 93 in PO and also because of its wide distribution amongst different organic oxygenates [32] . Nonetheless,
94
the dynamics of deoxygenation reactions strongly depend on the strength of the hydroxy groups 95 bounded to organic compounds, and such formulation offers an intuitive way for its characterization.
96
To determine the OH content of the POs they were initially derivatised (phosphytilated) with TMDP 97 according to the following reaction (R-1) [33] so that the entire content of organically bound OH could 98 be conveniently quantified using quantitative 31 P{H} NMR.
100
This analytical protocol has been widely used [33] [34] [35] [36] [37] [38] [39] and gives reproducible results to within a 95% 101 confidence limit [40] . It is also convenient as PO samples can be derivatised directly. However, as
102
TMDP also reacts with water, it is necessary to ensure that the samples are substantially dry. It should 103 be noted that both proton and 13 C NMR can be also used to characterise PO. In the case of the 1 H 104 nucleus, it is intrinsically 15 times more NMR sensitive than the 31 P nucleus despite the fact that the 31 
124
It should be noted that PO oxygenates can range from small to very large molecular weights and contain 125 different types of OH Group. Moreover, the elements in the different OH Groups in Table 1 
129
The main advantage of the 31 P{H}-NMR analytical technique is that the chemical shift boundaries in 130 Table 1 , make it easy to classify OH Groups into a form which is suitable for lumped kinetic studies. A 131 main disadvantage is that organically bounded "silent" oxygens which lack a labile hydrogen cannot be 132 derivatised by TMDP. Therefore, they are not detectible using 31 P{H}-NMR. This means that the OH 133 containing elements in the five OH Groups in Table 1 are mutually exclusive but not collectively 134 exhaustive. In this work, the "silent" content was calculated by subtracting the oxygen content in the 135 hydroxy groups, quantified by 31 
139
The formation and destruction of "silent" oxygens are very important during hydrothermal upgrading.
140
For example, Katritzky et al studied the reactions of many model compounds in HCW and of these, the 141 reactions of benzyl alcohol 1 are shown in Figure 2, 
145
The oxygen molecules in these compounds are highlighted in red since they are 31 P{H} NMR "silent".
146
However the aldehyde functionalities (e.g., in compounds 7(a, b) and 9), do react with TMDP [47]. 
152
A number of models for the hydrothermal pre-treatment of biomass have been published [25, 49, 50] .
153
However to the best of our knowledge, the reactivity of OH in HCW has not been previously used to 154 model the deoxygenation kinetics of PO. Since OH groups can be reversibly formed from "silent" 155 oxygens, it was not possible to produce computationally viable reaction kinetics without a consideration
156
of the silent oxygens which, taken as a whole, were lumped into a single class in these preliminary 157 studies. Therefore, each of the model networks used in this work account for the reactive "silent" 158 oxygenated species in PO, which also undergo reversible reactions between given OH groups. In the 159 first study of this kind, this paper outlines some kinetic insights into the deoxygenation of upgrading
160
POs achieved by tracking the concentrations of the listed OH Groups in Table 1 as a function of time;
161
and by using 31 P{H} NMR to characterise the OH species studied. For the sake of brevity, the details of This section presented the research background and defined the scope of present publication. In the next section, the experimental procedure applied for generating kinetic data is elaborated. 
179
charged with deionised water (3g) and pyrolysis oil (1g) and then purged with argon to remove air.
180
After sealing, the reactors were weighed a second time. POs A and B were then heated in an air 181 recirculating oven to a reaction temperature of 380 o C. The reaction times were: t 0 = 0, t 1 = 5; t 2 = 6; ice and left to stand for several hours. The loaded reactors were then externally dried and then
186
reweighed a third time to confirm no potential mass loss had occurred due to leakage. 
201
The CHN analysis was done at the University of Sheffield Microanalysis service using a Perkin Elmer 
205
The organic oxygen content was determined in the "raw" pyrolysis oil by mathematically subtracting the
206
water from the CHN analysis. In the dry processed oils, the absence of water was verified by the virtual 207 absence of a signal at 132 ppm in its 31 P{H} NMR spectrum. 
Experimental results

210
Three different pyrolysis oils called A, B and C were studied and the initial concentrations of the
211
Aliphatic, Condensed phenolic, Guaiacyl, Phenolic and Carboxylic OH groups were determined by 212 31 P{H} NMR. The results are shown in Figure 3 which also highlights the five OH Group categories
213
shown, classified in Table 1 .
214
Note that Figure 3 does not include the OH groups in water which was removed from the samples. The
Norwegian Spruce used to produce these oils has a high proportion of Cellulose [18] 
224
In addition of the characterisation of the unprocessed oils, Figure 4 shows the overall concentration of 
231
For Oils A, B and C, the experimental results are tabulated in Table 2 Table 1 . This data is presented in Table 2 in which the red 239 arrows and blue are associated with increases and decreases in the OH concentrations, respectively.
240
This table clearly indicate the nonlinear behaviour of the interacting reaction pathways.
241
From Reaction (R-6). However, the concentration changes of the condensed phenolic, guaiacyl and phenolic
250
OH groups are not totally correlated in 
Kinetic models and reaction networks 265
The formulation of trial reaction networks and their parameter estimation 266
The basic modelling strategy was to produce trial reaction networks in terms of the OH Groups 267 classifications in Table 1 . The arcs in each network represented the solutions to a set of ordinary 268 differential equations pertinent to the conversion of given OH Groups listed in Table 1 . Following the 269 estimation of the necessary parameters for each network, computer simulations were run and the 270 results evaluated to see if they converged with the experimentally observed OH concentration trends in 271 Table 2 .
272
The trial reaction networks presented in Figures. 5, 6, and 11 below were solved using MATLAB. The 
277
The parameters of these equations were optimized compared to the experimental data trends in Table   278 2. In principle any software tool that can solve ordinary differential equations (ODEs) and minimize the 
290
In Equations 1a and b, is the number of experimental data points. The concentrations of OH groups 
294
Six points were used in PO, C, for the purposes of comparison. 
Networks with the minimum and maximum degrees of freedom 296
The first network models to be considered are shown in Figures 5 and 6 in which the OH connectivity 297 are at a minimum and maximum, respectively. In Figures 5 and 6 , the lumped Aliphatic (1), Condensed 298 Phenolic (2), Guaiacyl (3), Phenolic (4), and Carboxylic (5) OH Groups are presented as nodes which 299 are depicted as grey circles. In addition to the OH groups, the NMR "silent" oxygens are placed in an 300 additional node. Moreover, Figures 5 and 6 show that the OH groups are ultimately and irreversibly lost 301 to give hydrocarbons, water or gases such as H2, CO, CO2 and CH4; which are also lumped into a final 302 node which called "products" in tables S1-S3 in the SM. The reactions in which PO lost oxygen to form 303 gaseous carbon oxides and water, or in which oxygen was gained from HCW to form PO oxygenates 304 (e.g. the hydrolysis of an ether to form two OH Groups, reaction R-2), were not explicitly defined in this 305 study. Methane also reacts with HCW to give methanol which would also add to the Aliphatic OH content In terms of the OH node connectivity, the trial reaction network in Figure 5 
313
In contrast to Figure 5 , the trial network in Figure 6 is formulated in terms of a superstructure reaction 314 network. This has the maximum degrees of freedom. In this way, the destruction of OH groups in one 315 node, or the creation of OH groups in another node, can be mathematically formulated as the 316 interconversion of an OH element from one of the defined Groups to another shown in Table 1 .
317
Representative examples of such interconversions are highlighted in the listed equations below 318 (Section 5), many of which are equilibrium reactions. The reaction of OH groups to give "silent" oxygens 319 can also be viewed as the destruction of OH groups. Unfortunately, a main drawback to the network in 320 Figure 6 is that it is computationally expensive. Another drawback is that the least significant arcs are 321 likely to be over emphasized if the experimental data is over fitted. In this case, the convergence of the 322 computationally simulated data with the experimental data would lead to invalid conclusions. 
Mechanistic insights into creation and destruction of OH groups 326
The following sections provide representative examples of chemical reactions which are used to 327 account for the interconversion of OH Groups. 
332
Aliphatic alcohols can be oxidized to Carboxylic acids such as formic and acetic acid. In this case, the 333 original OH group would be lost and a Carboxylic OH is created, together with a "silent" ketonic oxygen. 
335
Dehydration reactions or reductions with adventitious H2 remove Aliphatic OH groups to give water.
336
Examples of OH removal are seen in the formation of the carbon bonded phenolic compounds, 6(a, b) and 7(a, b) and products 8 and 10 in Figure 2 . 
349
The Carboxylic OH groups can be converted into "silent" Oxygen groups by esterification. The formation
350
of the formate ester from formic acid is given in reaction (R-4) and shows how the Carboxylic OH group
351
can be converted into a "silent" Oxygen. 
368
In Table 2 , decreases in the concentration of condensed phenolic group were associated with rises in 
374
The reaction could occur, for example, by the reversal of reaction (R-5).
Phenolic OH node "Silent" Oxygen node
376
Phenolic OH groups could be esterified according to reaction (R-4) to give "silent" oxygens. Phenolic 
Results and Discussions
380
Regarding all of the trial reaction networks studied in this work, Table 3 gives the results of the MATLAB 381 parameter estimations in terms of the value of the objective function used to evaluate the performance 382 of each network in the problem domains. For each network, the average percentage deviations between 383 the experimental data and simulated data is given in Table 3 . For the sake of brevity, the full numerical 384 results are reported in the SM. From Table 3 , it can be seen that that Networks 1 and 2 have the worst 385 and best performances, respectively with respect to the deoxygenation kinetics of Oils A, B and C. The 386 results are discussed in the following sections in more details. 
387
The parameter estimation results for Network 1 with minimum connectivity 391
The plotted data in Figure 7 shows that the simulated and experimentally observed changes in OH 392 concentrations do not converge. Therefore, it is evident that the model Network 1 fails to simulate most 393 of the experimental trends in Table 2 . However, Figure 7 Table S1 and by the grey arc in Figure 8 which shows that the direct conversion of the elements in the Guaiacyl OH The concentration of Guiacyl OH in Oil B The concentration of Phenolic OH in Oil B The concentration of Guiacyl OH in Oil A The concentration of Phenolic OH in Oil A The concentration of Guiacyl OH in Oil C The concentration of Phenolic OH in Oil C Group to hydrocarbons, gases and water was improbable. However, the data trends in Table 2 imply   402 that Guaiacyl OH groups are also being simultaneously created and converted to "silent" species or
403
interconverted to another aromatic OH group. Differences with respect to the creation or removal of
404
Guaiacyl OH groups in Oils B and C are attributed to differences in the initial makeup of Oils B and C
405
as shown in Figure 3 . 
410
From Figure 7 , it can be seen two extra reaction times at 20 and 30 minutes for Oil C are presented.
411
Despite the increased data resolution compared to Oils A and B, the computationally simulated model Figure 9 gives the results for the parameter estimation for Network 2, which has the maximum connectivity. However, from a study of Figure 9 , it is hardly surprising that the numerically simulated 419 data for the trial Network 2 gives the best simulation of the experimental data in Table 2 . This is because
The parameter estimation results for Network 2 with maximum connectivity 417
420
Network 1 is a subset of the connectivity superstructure of Network 2. 
429
These were computationally calculated by using the parameter estimations based on the experimental 430 data trends in Table 2 .
431
432 Fig. 10 The results of the parameters estimation for Network 2 with maximum interconversion between OH
433
Group nodes. The unused arcs are shown in grey.
434
The grey arcs in Network 2 highlight the absence of reactions which lead to the conversion of (1) the
435
Aliphatic OH node to the "silent" Oxygen node, (2) the Condensed phenolic OH node to the Aliphatic
436
OH node, (3) the carboxylic OH node to "silent" oxygen node, and (4) the Guaiacyl OH node to the 
458
Network 3 is shown in Figure 11 which also allows for the interconversion of OH groups between the
459
Aliphatic and "silent" oxygen nodes. The interconversion between the NMR "silent" node and the node 460 pertaining to water, gases and hydrocarbons was also considered.
461
According to Table 3 above, the average error of Network 3 is 4% more than Network 2 but 12% less 462 than Network 1. Figures 12 and 13 show the results of the parameter estimations for Network 3. Figures 12a, b, and c suggest that the Aliphatic OH group has the highest conversion rate relative to consideration of the pre-exponential factors and exponents in Table S3 in the SM, it can be seen that 469 most of the aliphatic OH groups are converted to "silent" oxygens. Only a small fraction of the Aliphatic
470
OH groups converted directly to the hydrocarbons, water and gases. The implication is that Aliphatic
471
OHs are rapidly and reversibly converted to "silent" oxygens. Moreover, the interconversions of the
472
Aliphatic OH Group to the aromatic OH Group would be kinetically irrelevant. Therefore, the initial 473 increase in "silent" oxygens (Oils A and B) should be attributed to the loss of aliphatic OH groups. It is
474
notable that statistical analysis gives poor estimation for NMR-silent oxygens (R-squared: 0.27-0.59).
475
The reason should be attributed to grouping a variety of OH under this envelope. Improving the model 476 predictability would require decomposition of salient OH into sub-groups which was beyond the scope 477 of present research.
478
The oxidation of Aliphatic OH groups also gives Carboxylic OH groups as demonstrated in Section 5. 
495
Amongst the various oxygenated groups in Figure 13 , the "silent" organic oxygenates underwent the 496 least conversion under the reaction conditions used. This is evident from the small pre-exponential
497
factor of arc #6 in Table S3 . 
535
Although the use of 31P NMR cannot detect silent O species, the proposed kinetic model does account
536
for the interconversions of silent oxygen species and OH groups. This is not just a tacit assumption, as 537 the numerical calculations involved in the formulation of the proposed reaction networks do not 538 converge unless the silent oxygen content of the upgraded pyrolysis oils are taken into account.
539
Unfortunately, the precise O-balance and connectivity with the oxygen routing to the gas-and solid
540
products cannot be determined by 31P NMR, in these preliminary "proof of concept" modelling 541 experiments, and so these parameters are simply lumped together in the underlying model structure,
542
and deferred for future studies.
543
The proposed approach was deemed to be the best way to model upgrading pyrolysis oils, in which the 544 presence of reacting OH groups can reflect the overall upgrading kinetics of different chemical
545
oxygenates. Using the proposed lumped kinetic model, it was possible to treat the OH groups as a 546 statistical population of reacting entities regardless of the precise identity of the parent molecules to 547 which they are bonded. Therefore, the advantage of using model networks based on OH connectivity 548 is that it was not necessary to specify exact identity of the parent molecules, which could also contain 549 multiple OH groups, or more than one type of OH group. Each model network was only based on the 550 connectivity of OH groups or their interconversions to "silent" oxygens. Furthermore, it was not possible 551 to produce computationally valid solutions to the model networks without a consideration of "silent"
552
oxygens which can also be intermediates in the non-linear and dynamic reacting populations of OH 553 groups. Overall the deoxygenation chemistry in PO was formulated by means of a number of trial 554 reaction networks which were used as models. Using the OH concentration changes in Table 2 for 
562
Regarding 
570
The ultimate aim would be devise bespoke modelling protocols from benchmark models, which could 571 then be used to predict the hydrothermally generated deoxygenation chemistry in a wider range of POs,
572
at a range of reaction conditions, regardless of the biomass used to produce them. 
573
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